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Human Papillomavirus E6/E7 Oncogenes Promote
Mouse Ear Regeneration by Increasing the Rate of
Wound Re-epithelization and Epidermal Growth
Concepcio´n Valencia1, Jose´ Bonilla-Delgado2, Katarzyna Oktaba1, Rodolfo Oca´diz-Delgado2,
Patricio Gariglio2 and Luis Covarrubias1
Mammals have limited regeneration capacity. We report here that, in transgenic mice (Tg(bK6-E6/E7)), the
expression of the E6/E7 oncogenes of human papilloma virus type 16 (HPV16) under the control of the bovine
keratin 6 promoter markedly improves the mouse’s capacity to repair portions of the ear after being wounded.
Increased repair capacity correlates with an increased number of epidermal proliferating cells. In concordance
with the expected effects of the E6 and E7 oncogenes, levels of p53 decreased and those of p16 in epidermal
cells increased. In addition, we observed that wound re-epithelization proceeded faster in transgenic than in
wild-type animals. After the initial re-epithelization, epidermal cell migration from the intact surrounding tissue
appears to be a major contributor to the growing epidermis, especially in the repairing tissue of transgenic
mice. We also found that there is a significantly higher number of putative epidermal stem cells in Tg(bK6-E6/E7)
than in wild-type mice. Remarkably, hair follicles and cartilage regenerated within the repaired ear tissue,
without evidence of tumor formation. We propose that the ability to regenerate ear portions is limited by the
capacity of the epidermis to repair itself and grow.
Journal of Investigative Dermatology (2008) 128, 2894–2903; doi:10.1038/jid.2008.156; published online 12 June 2008
INTRODUCTION
An injured tissue can repair itself by simply healing the wound,
a process that usually leaves a scar in the damaged area.
Alternatively, upon damage, a tissue can regenerate its original
constituents (that is, all cell types of the tissue) without leaving
a scar and, in extreme cases, recover the original form and
size. In the animal kingdom, wound healing is crucial for
organism survival, but regeneration in different degrees is a
surplus property retained only by some species. As vertebrates
emerged in evolution, the ability to regenerate decreased in
most species. Actually, a full regeneration of several organs
and tissues can be observed only in certain amphibian species,
such as newt and salamander (Brockes and Kumar, 2002).
Mammals have limited regeneration capacity and rarely
regenerate an organ or tissue to its original form. Rather,
regeneration in mammals commonly refers to the individual
capacity of some tissues or components of the body to repair
upon a ‘‘minor’’ damage (Carlson, 2005).
In the absence of regeneration, adult mammals usually
repair their tissues by a rapid healing process that involves an
immediate immune response. This process has been carefully
studied in the skin (Martin, 1997). In this case, many cell types
(for example, neutrophils, macrophages, mast cells, platelets,
and lymphocytes) infiltrate the wound and are the source of
growth factors that promote angiogenesis, proliferation of
keratinocytes, and deposition of extracellular matrix compo-
nents, usually leaving a scar in the damaged area. In general,
both regeneration and healing with a scar initiate similarly by
covering the wound area with migrating keratinocytes (that is,
re-epithelization) followed by their proliferation (Brockes
and Kumar, 2005; Santoro and Gaudino, 2005). However,
after this point, a regenerating tissue forms what is known as
a blastema, a distal structure composed of epithelial and
mesenchymal tissues that is essential for the regeneration
process (Brockes and Kumar, 2005). Dedifferentiation is
considered the mechanism by which most of the different cell
types emerge during urodele regeneration (Tsonis et al., 1995).
However, few studies have evaluated the contribution of the
stem cells used for tissue renewal and repair in regeneration
(Echeverri and Tanaka, 2002; Morrison et al., 2006).
Nearly half a century ago, the regeneration of rabbit ear
holes after punching was recognized as an example of
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mammalian regeneration (Goss and Grimes, 1975). This
phenomenon was not observed in other animals such as dogs
and sheep. More recently, it was observed that the MRL
mouse strain has an increased ability to close ear holes
produced by punching (Clark et al., 1998). The reference
strain for this study was C57BL6, which is unable to close ear
holes. It has been considered that ear-hole closure occurs by
regeneration, because a scar is not formed and, more
important, because the characteristic ear inter-skin cartilage
and hair follicles are regenerated during the repair process.
Interestingly, the ears of rabbits and mice undergo
similar histological changes early in the regeneration process
(Heber-Katz, 1999). Attempts to identify the gene or genes
that are responsible for the increased ability to regenerate ear
portions in the MRL mouse strain have not been fruitful yet,
and the data rather suggest a complex contribution of several
genes (McBrearty et al., 1998; Masinde et al., 2006).
Several years ago, we reported on a set of transgenic
mouse lines that express in the skin the E6 and E7 oncogenes
of the human papillomavirus type 16 (HPV16) under the
control of the bovine keratin 6b gene (bK6) promoter
(Tg(bK6-E6/E7)) (Escalante-Alcalde et al., 2000). Under
normal conditions, these mice do not form tumors; however,
they display an evident skin phenotype characterized by low
hair density. We now report the remarkable ability of these
mice to regenerate an ear portion after a hole is made, which
appears to be mostly due to the effect of E6 and E7 oncogenes
in re-epithelization and epidermal growth.
RESULTS
Ear-hole closure in Tg(bK6-E6/E7) mice
While studying Tg(bK6-E6/E7) mice, we noticed that the ear
punch made to mark the mice frequently closed completely.
To determine whether this phenomenon was associated with
the bK6-E6/E7 transgene, we systematically followed the
closure of ear holes in transgenic compared with wild-type
(Wt) mice (Figure 1). When holes closed completely, this
occurred within a month after punching, and when the
closure was not completed within this time, the hole opening
was slightly reduced in the following months but never
closed. Hole-closure frequency was determined for two
transgene insertions under either the outbred genetic back-
ground of the CD1 strain (CD1-Tg(bK6-E6/E7)M8 and CD1-
Tg(bK6-E6/E7)H1) or the inbred genetic background of the
Fvb/N strain (Fvb/N-Tg(bK6-E6/E7)M8). Ear-hole closure was
also compared between females and males. As shown in
Figure 2, there is a clear association between the presence
of the transgene and the capacity to close the ear hole. For
the Tg(bK6-E6/E7)M8 line, in about half of the total animals,
the hole measuring less than 1 mm diameter closed. This
was accentuated in females, and although the difference
between genders might be related to the still unknown cause
of death that eliminates most males at a young age, a similar
observation was reported for regeneration in the MRL mouse
strain (Blankenhorn et al., 2003). In the Fvb/N background,
the holes in the ears of Tg(bK6-E6/E7)M8 mice closed
markedly better than in Fvb/N Wt mice, although in a very
few the hole closed completely. The ability to close the hole
was barely noticeable in animals belonging to the
Tg(bK6-E6/E7)H1 line, which coincided with the less
apparent lower hair density phenotype described previously
(Escalante-Alcalde et al., 2000). Animals belonging to this
line also die at an early age. Despite the fact that transgenic
mice clearly have an increased ability to close ear holes,
it should be noted that in some Wt animals the hole could
close to some degree but rarely completely. From this
point forward, the results described were derived from the
analysis of the Tg(bK6-E6/E7)M8 mouse line in the CD1 strain
(CD1-Tg(bK6-E6/E7)).
Increased epidermal proliferation during repair of ear holes
of CD1-Tg(bK6-E6/E7) mice
E6 and E7 are known for their ability to increase cell
proliferation (Tommasino and Crawford, 1995). Therefore,
we analyzed whether the ability to close the ear hole was
related to an increase in cell proliferation. Because in Tg(bK6-
E6/E7) mice oncogene expression is directed to the injured
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Figure 1. Ear wound healing in mice carrying the bK6-E6/E7 transgene.
Pictures of ear holes of mice carrying the bK6-E6/E7 transgene (Tg) and
wild-type (Wt) mice taken at 7, 14, 21, and 28 days after wounding (pictures
are from the CD1-Tg(bK6-E6/E7)M8 line). Holes in Tg ears were rapidly
closed in comparison with holes in Wt ears. The sections for histological
analyses were performed perpendicular to the ear proximo- (P) distal (D) axis
and taken from the area between the broken lines; pictures in Figures 4–9
show one side of the regenerating ear section. Scale bar¼1 mm.
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epidermis (Figure S1), we particularly expected an increase in
proliferation in this tissue, although dermal cell proliferation
eventually should also increase in the repairing tissue.
Proliferation in the repairing area of the ear was determined
at two different stages by 5 hours BrdU incorporation, which
detects mostly cells in the S phase of the cell cycle (Figure 3),
and detection of the marker Ki67, which is present in all
phases of the cell cycle (Figure S2). It is interesting to observe
that, frequently, at 1 week after punching, most BrdU-labeled
cells were located around the limit of the wound, with few
in the growing region, and by 2 weeks, BrdU was mostly
incorporated in cells of the growing region (Figure 3a). As
expected, BrdU incorporation was increased in the growing
tissue of repairing transgenic ears as compared with Wt ears
(Figure 3b).
The main targets of E7 and E6 oncogenes are Rb and p53,
respectively, two regulators of the cell cycle (Tommasino
and Crawford, 1995). E7 interacts with hypophosphorylated
Rb, which indirectly causes an increase in the expression
levels of p16Ink4a, among other genes (Khleif et al., 1996).
Conversely, E6 promotes p53 ubiquitination and subsequent
degradation by the proteasome (Scheffner et al., 1993). Thus,
an increase in p16Ink4a and a reduction in p53 protein levels
are indicative of E7 and E6 activity in cells, respectively. We
determined the distribution of p16Ink4a and p53 by immuno-
histochemistry after 1 week of the repairing process. As seen
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Figure 2. Frequency of different levels of ear-hole closure in selected Tg(bK6-E6/E7) mouse strains. Two Tg(bK6-E6/E7) lines, CD1-Tg(bK6-E6/E7)M8 and
CD1-Tg(bK6-E6/E7)H1, were tested for ear-hole closure after wounding. Mice with the same transgene insertion as the CD1-Tg(bK6-E6/E7)M8 line but in
the Fvb/N genetic background (Fvb/N-Tg(bK6-E6/E7)M8) were also tested. Mostly females were analyzed, and the comparison between females and males is
shown only for the Tg(bK6-E6/E7)M8 line. Hole diameters were measured 4 weeks after punch wounding. In general, wounds in the ears of mice carrying
the bK6-E6/E7 transgene (black bars) closed to a larger extent than those of Wt (white bars) animals. The small box in each histogram shows, for clarity,
the same analyzed ears when grouped into those in which the hole closed more than half the initial diameter (0.0–0.9 mm) and those in which the hole closed
up to half the initial diameter (1.0–2.0 mm).
2896 Journal of Investigative Dermatology (2008), Volume 128
C Valencia et al.
HPV Oncogenes Promote Ear Regeneration
in Figure 4 (p16), more cells expressing p16Ink4a were found
in the suprabasal layers of the growing epidermis of CD1-
Tg(bK6-E6/E7) ears in comparison with Wt ears. Uninjured
epidermis showed p16Ink4a expression mostly in the basal
layer, in both CD1-Tg(bK6-E6/E7) and Wt ears. In contrast,
very few p53-positive cells were found in the suprabasal
layers of the growing epidermis of CD1-Tg(bK6-E6/E7) ears,
whereas Wt ears showed many cells containing p53 in these
layers (Figure 4, p53). In the intact epidermis of CD1-Tg(bK6-
E6/E7) and Wt ears, p53 was found in the basal and supra-
basal layers. Similar results for p16Ink4a and p53 distribution
were observed in the CD1-Tg(bK6-E6/E7) dorsal skin 48 hours
after wounding (data not shown). The changes observed
in p16Ink4a and p53 distribution described above are in
concordance with their induced expression of E7 and E6
oncogenes (Figure S1) in the growing epidermis and their
expected effects.
Increase in cell migration during regeneration of
CD1-Tg(bK6-E6/E7) ears
One of the limiting steps in wound healing is re-epitheliza-
tion, which initiates by the migration of cells from the
surrounding epidermis (constituting the epidermal tongue).
To estimate whether the E6/E7 oncogenes have an effect on
the migration of epidermal cells to the injured area, we
determined the extension of the epidermal tongue 42 hours
after ear punching. Although there was some variability, the
epidermal tongue was frequently extended more in wounds
of ears of transgenic mice than in Wt mice (Figure 5). Thirty-
six hours after punching, re-epithelization was not observed
in either transgenic or Wt mice, whereas 72 hours after
punching, both transgenic and Wt wounded ears were
re-epithelized (data not shown). Re-epithelization of dorsal
skin wounds was also faster in CD1-Tg(bK6-E6/E7) than in
Wt mice (Figure S3).
After the initial re-epithelization, in situ proliferation
contributes to epidermis repair; however, migration from
the intact surrounding epidermis continues for some time.
As described above, 1 week after punching, BrdU-labeled
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Figure 3. BrdU incorporation during ear-hole regeneration in
CD1-Tg(bK6-E6/E7) and Wt mice. Incorporated BrdU was detected
5 hours after a single BrdU injection at 1 or 2 weeks of the repairing process.
More BrdU-labeled cells were detected in CD1-Tg(bK6-E6/E7)M8 (Tg) than in
Wt mice. At 1 week after wounding, BrdU-labeled cells were frequently
detected around the limit between the nonregenerated and the regenerated
epidermis (vertical broken line), whereas by 2 weeks of regeneration, all
BrdU-labeled cells were detected essentially in the growing region
(a; scale bar¼ 100mm). Observe the group labeled cells at the base of a new
growing hair follicle (arrowhead). BrdU-labeled cells in dermis (De) and
epidermis (Ep) were counted in the two regions contained within a 12 mm
segment measured from the distal wound border of each tissue section
(see Figure 1), and the average number from three sections of three different
mice is displayed in graph (b). A significantly higher number of BrdU-positive
cells in transgenic mice was mainly found in the epidermal compartment
(*Po0.05). Error bars are the mean±SD.
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Figure 4. Expression of p16Ink4a and p53 in repairing ears of CD1-Tg(bK6-
E6/E7)M8 and Wt mice. p16Ink4a (p16) and p53 were detected by
immunohistochemistry 1 week after the ears were punched. Arrowheads
indicate the nuclei, where the proteins are typically localized, of some
positive cells. In Wt ear epidermis, p16Ink4a was mostly located in cells of the
basal layer (b), even within the growing tissue, whereas in transgenic ears,
p16Ink4a-positive cells were abundant in the suprabasal layers (sb) of the
growing epidermis, but essentially remained in the basal layer of the intact
epidermis (data not shown). On the other hand, p53 was located in Wt tissue
in both the basal and the suprabasal layers, but in the growing epidermis it
was particularly abundant in the latter. In contrast, in transgenic ears, p53 was
markedly reduced in the suprabasal layers of the growing epidermis. Scale
bar¼ 100 mm.
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proliferating cells were mostly around the limits between the
intact and the regenerating epidermis, despite the thick
epidermis that already covered the wound (Figure 3a). We
considered the possibility that epidermal cell migration of
proliferating cells around the wound was a major contributor
to the growing epidermis associated with the new tissue
filling the hole in the ear of transgenic mice. Thus, we
labeled proliferating cells using a single injection of BrdU
1 week after ear punching and determined their location
96 hours later. This ‘‘pulse–chase’’ protocol detects the fate
of proliferating cells. As seen in Figure 6 (compare with
Figure 3a), cells that were previously located around the
limits of the wound (proximal) were later located in the
growing epidermis (distal). This is not a particular charac-
teristic of the CD1-Tg(bK6-E6/E7) mice, because the same
pattern, although with significantly fewer BrdU-labeled cells,
was also seen in repairing tissue of the ears of Wt animals
(Figure 6). These data support the idea that, during the early
stages of re-epithelization, newly formed epidermis develops
with a large contribution of cells migrating from the
epidermis surrounding the wound.
Increased number of label-retaining cells in CD1-Tg(bK6-E6/E7)
mice
We previously proposed that E6/E7 oncogenes in Tg(bK6-E6/
E7) mice act on stem cells of hair follicles, preventing the
response to inhibitory signals of cell proliferation that
regulate hair renewal. It is known that stem cells of the
epidermis, owing to its slow cell division rate, are within the
label-retaining cell (LRC) population: cells retaining labeled
nucleotide analogs for long periods of time (that is, more than
a month; Cotsarelis et al., 1990). To analyze the effect of
E6/E7 oncogenes on the number of LRCs, we labeled
slow-cycling cells by two BrdU injections per day for
three consecutive days. Six to eight weeks after labeling,
most BrdU-labeled cells (LRCs) were found in the basal layer
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Figure 5. Re-epithelization in wounded ears and dorsal skin of CD1-Tg(bK6-E6/E7)M8 and Wt mice. Ears were wounded and 42 hours later, samples
were taken and stained with hematoxylin and eosin. The limit at which the epidermal tongue advanced is marked with arrows (a). We divided the
re-epithelization process into three phases: complete (re-epithelization estimated above 90%), medium (re-epithelization estimated within 20–80%), and
null (re-epithelization estimated below 10%). Numbers below pictures in a indicate the number of ears in the fixed number of samples analyzed (14 for Wt,
16 for Tg) that could re-epithelize to a degree similar to that shown in the corresponding picture. The degree of re-epithelization was normalized according to
the width of the ear slice (i.e., the distance between the upper and the lower epidermis) and the estimated percentage of complete (100%) re-epithelization
plotted (b). Re-epithelization of transgenic wounded ears appeared to be more efficient than that of Wt ears (*Po0.02). Scale bar¼100 mm.
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of the epidermis (Figure 7a). Significantly more LRCs were
found in the epidermis of transgenic mice than in Wt mice
(Figure 7b). These data suggest that a higher number of
epidermal proliferating cells observed during wound healing
and tissue growth in transgenic mice could be at least
partially explained by an increase in the number of available
LRCs, presumed epidermal stem cells, due to viral oncogene
expression. In some samples from Wt mice (not used in the
previous counts), especially in the group killed six weeks after
labeling, many cells retaining the BrdU label were found in
the upper layers of the epidermis (Figure S4), suggesting that
they are differentiated nondividing cells; this was rarely seen
in samples from CD1-Tg(bK6-E6/E7) mice, in which most
labeled cells were found in the basal layer, in agreement with
their putative stem cell identity. Thus, it is apparent that basal
renewal of epidermis is increased in CD1-Tg(bK6-E6/E7)
mice as compared with Wt mice.
Regeneration during ear-hole repair
Apart from a slightly translucent appearance at the macro-
scopic level, the tissue filling ear holes in transgenic mice did
not show any difference from the tissue surrounding it. It is
interesting to note that a few days (5–7) after punching, the
growing tissue was characterized by a thick epidermis often
displaying downgrowths into the dermal area (Figure 8).
Downgrowth did not show the typical polarized arrangement
of epidermal cells and the regular margin of the base-
ment membrane of the normal epidermis (Figure 8). Signs
of reorganization of the epidermis were seen earlier in
transgenic ears compared with Wt ears (Figure 8, 7 days).
Although the epidermis remained thick during the growth
phase, the basal layer showed a polarized organization and
well-defined margin of basement membrane (Figure 9; see
also pictures at 2 weeks in Figure S2). It is relevant that,
although scattered, hairs (Figure 9a) and hair follicles (Figure
9b) could be observed on the grown tissue. The previous
observation suggests that healing the hole wound involves a
regeneration process, because hair growth is not expected on
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Figure 6. Migration of proliferating cells from the epidermis surrounding the
wound in CD1-Tg(bK6-E6/E7) and Wt mice. One week after wounding, ears
were injected once with BrdU, and the distribution of BrdU-labeled cells
was analyzed 96 hours later. Most BrdU-labeled cells were located in the
growing region (a; scale bar¼100 mm). To determine the changes in the
distribution of BrdU-labeled cells, we compared ear samples at 5 hours (see
Figure 3a) and at 96 hours after BrdU injection of animals undergoing
regeneration for 1 week (b). Comparison was carried out by analyzing the
distribution of BrdU-labeled cells in two areas, proximal (P) and distal (D) to
the wound, of the serial sections of different ears (Wt1–Wt6; Tg1–Tg6). Graphs
show the percentage of sections of each ear sample that display only distal,
distalþproximal, or only proximal distribution of BrdU-labeled cells. In both
Tg and Wt ears, BrdU-labeled cells were preferentially distributed in the
proximal area when analyzed at 5 hours and localized mainly in the distal
part at 96 hours (*Po0.01; **Po0.005).
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Figure 7. Long-term-retaining BrdU-labeled cells in CD1-Tg(bK6-E6/E7)M8
and Wt mice. CD1-Tg(bK6-E6/E7)M8 and Wt mice were injected with BrdU
two times per day during 3 consecutive days and BrdU-labeled cells in the
epidermis of intact ears analyzed 8 weeks later. More BrdU-labeled cells,
usually located at the basal layer, were found in the epidermis of Tg than in
that of Wt ears (a; arrowheads). The number of BrdU-labeled cells in a 12 mm
segment of undamaged epidermis was counted in each section and averaged
for three different sections; the analysis was repeated with samples from three
different animals (b). Error bars represent the mean±SD. Transgenic mice
showed a significantly higher number of BrdU-retaining cells compared with
Wt mice (*Po0.02).
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a scar. In agreement with this hypothesis, histological
analysis of repaired ear holes showed that the normal
epidermis and dermis and, remarkably, cartilaginous islands
were commonly found within the tissue filling the holes
(Figure 9b). Cartilaginous islands were also seen in the grown
tissue of Wt animals (Figure 9b, Wt), indicating that cartilage
regeneration is not an effect of oncogenes but a consequence
of re-epithelization and epidermal growth. Evident alterations
in the extracellular matrix within the dermal compartment,
a characteristic of the scarring process, were not observed
in regenerating ears (Figure 9b, green-blue staining). It is
relevant that ears that did not regenerate did not show any
detectable abnormal extracellular matrix deposition either
(data not shown), which appears to be characteristic of ear
repair, at least after punching.
DISCUSSION
Ear repair as a model of regeneration in mammals
Repair of ear segments can be considered a simple
regeneration process (Heber-Katz et al., 2004), involving
the formation of new epidermis, new hair follicles, and, more
importantly, new cartilage, whose de novo formation in the
adult is unusual. In general, ear portions are not efficiently
regenerated in mice, and therefore, regeneration of this tissue
can allow the search for factors that limit regeneration
in mammals. The ears of Tg(bK6-E6/E7) mice studied here
were repaired after wounding by regeneration, because the
formation of new hair follicles and the generation of new
cartilage accompanied hole closure. Similar hair follicle
regeneration was recently reported during the closure of large
full-depth wounds in the back skin of Wt mice (Ito et al.,
2007).
It is important to mention that in this study we used an
outbred strain and an inbred strain, suggesting that the
increased regeneration capacity is not dependent on a set of
genes belonging to a specific mouse strain. Rather, our data
imply that E6/E7 oncogene expression is the factor adding ear
regeneration capacity to mice. Because E6/E7 oncogenes are
well known for their effects on cell proliferation, our data
suggest that genes controlling the proliferation of epidermal
precursor cells are critical for regeneration.
The first step in ear repair is re-epithelization. We
observed that wounds were re-epithelized faster in Tg(bK6-
E6/E7) mice than in Wt mice. It is interesting that in rabbits, as
well as in two other mouse models of ear regeneration,
including the MRL strain, rapid re-epithelization is also
observed (Clark et al., 1998; Oike et al., 2003). After
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Figure 8. Abnormal epidermis of CD1-Tg(bK6-E6/E7) and Wt mice early in
ear regeneration. Five to seven days after ear punch wounding, mice were
killed and histological slices were stained with hematoxylin and eosin.
At 5 days, both transgenic and Wt ears showed a thick irregular epidermis (Ep)
with streams invading the dermal area (De); an irregular basement membrane
margin was evident (arrowheads). At 7 days, the epidermis of Wt ears still
retained the abnormalities seen at 5 days, whereas that of transgenic ears
frequently appeared thicker than normal and with a better-defined margin
of the basement membrane. Scale bar¼200 mm.
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Figure 9. Hair and cartilage in the tissue filling the ear hole of CD1-Tg(bK6-
E6/E7) and Wt mice. Seventeen weeks after ear punch wounding, mice were
killed, and regenerated ears were photographed under light transmission
using a stereoscopic microscope to visualize hair distribution (a), or
histological slices from ears were prepared to visualize cartilage (red staining)
and hair follicles (here identified by the evident sebaceous gland) (b). Hair
and hair follicles (arrows and inset in b) were seen within the regenerated
tissue (visualized in a by the dark appearance of the sebaceous gland). In
addition, cartilaginous islands (arrowheads) were detected throughout the
regenerated tissue in both transgenic and Wt mice, although, owing to the
increased regenerative capacity of transgenic mice, more of them were found
in the latter. Abnormal distribution or high concentration of extracellular
matrix was not detected in the regenerated tissue (green-blue staining).
The broken line marks the wounding site. Scale bar¼ 200mm.
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re-epithelization, the epidermis must repair and grow.
Stratification is recovered in both Wt and transgenic
epidermis; however, the epidermis thickens much more in
transgenic ears than in Wt ears. Our data indicate that two
mechanisms contribute to the thickening of the epidermis in
Tg(bK6-E6/E7) mice. Initially (up to about 1 week after
punching), cell proliferation increased in the wound bound-
aries; later on, proliferating cells migrated to the growing
epidermis. Although this proliferation and migration of
epidermal cells appeared to occur also in Wt animals, it
was less evident. Afterward, abundant cell proliferation
started in the growing epidermis. In contrast to Wt, in which
proliferating cells were essentially detected in the basal layer,
transgenic growing epidermis showed proliferating cells
extending to the suprabasal layers. Therefore, migration and
proliferation of epidermal cells are two cellular events that
contribute to ear regeneration. It was interesting to observe
that during this period, dynamic changes occurred in the
epidermis. The downgrowths observed are also a character-
istic of ear regeneration in rabbits and mice of the MRL strain
(Goss and Grimes, 1975; Heber-Katz, 1999; Gourevitch
et al., 2003). This process may reflect the formation of
something equivalent to the blastema seen in amphibian
regenerating limbs. Thus, the thick epidermis formed in
regenerating ears could be the source of growth factors that
instruct the underlying mesenchyme to initiate a regeneration
‘‘program.’’ We propose that re-epithelization and growth of
the epidermis are limiting processes for regeneration. In the
ear, cartilage formation and hair follicle regeneration are
events that follow epidermis repair. Nonetheless, it would not
be unexpected that E6/E7 oncogenes also contribute to hair
follicle regeneration in regenerated ears of Tg(bK6-E6/E7)
mice, as an effect in this process is seen in normal dorsal skin
(Escalante-Alcalde et al., 2000).
Cancer versus regeneration
It is common for transgenic mice that express oncogenes
favoring proliferation in the basal layer of the epidermis to
produce a skin phenotype characterized by hyperplasia
(Arbeit et al., 1994; Xie et al., 1999; Tarutani et al., 2003).
Actually, transgenic mice carrying the same oncogenes used
in the present study (E6/E7 of HPV16) under the control of the
K14 promoter (which directs the expression to the basal layer
of the interfollicular epidermis and the outer root sheath of
hair follicles) show an evident hyperplasia, and in some
instances develop tumors (Arbeit et al., 1994). Furthermore,
these mice usually display abnormal follicles, in some cases
forming the so-called hair follicle pearls within the dysplasic
epidermis. In our mouse model using the bovine bK6
promoter, the epidermis was not affected but hair growth
cycle was altered such that follicles regenerated continuously
(Escalante-Alcalde et al., 2000).
Expression of E6/E7 oncogenes did not cause any visible
abnormality under normal conditions, but a few days after
injury, E6/E7 oncogenes were expressed in the suprabasal
layers of the growing epidermis, which is most likely the
cause of its marked thickening described above. Similar bK6
expression induction and thickening of the epidermis have
been observed in injured dorsal skin (Navarro et al., 1995).
Once the regeneration concluded (not always associated
with a complete closure), bK6 and E6/E7 oncogenes were
downregulated and restricted again to hair follicles (data
not shown). Hence, the increased regeneration capacity
of Tg(bK6-E6/E7) mice is probably due to the transitory
expression of E6/E7 in the epidermis as determined by the
bovine bK6 promoter. This characteristic transitory expres-
sion might also explain why these mice do not develop skin
abnormalities and tumors. Thus, the increased proliferation
observed in Tg(bK6-E6/E7) and the apparent susceptibility of
CD1 (Yamamoto et al., 1988; Hennings et al., 1993) and
Fvb/N (Hennings et al., 1993; Woodworth et al., 2004) strains
to developing tumors are not sufficient factors to promote
tumorigenesis. It is interesting that species showing high
regeneration capacity, such as newts and salamanders, also
display reduced incidence of tumors, even in the presence of
a carcinogen (Tsonis, 1983).
Stem cells and regeneration
It is well accepted that tissue renewal strictly depends on a
population of specific multipotent stem cells (Fuchs and
Segre, 2000). Regeneration, on other hand, has been
associated with distinct processes such as dedifferentiation
and transdifferentiation (Brockes and Kumar, 2002). How-
ever, in the past decade, the stem cell hypothesis for
regeneration has re-emerged (Mescher, 1996; Tsonis, 2002;
Stocum, 2004; Young, 2004). It is expected that the number
of functional stem cells might limit the regeneration capacity
of a particular organ. Compared with Wt animals, Tg(bK6-E6/
E7) mice have significantly more putative epidermal stem
cells in uninjured tissue, as estimated by the number of LRCs.
This possible addition to the epidermal stem cell pool might
be a major contribution to the re-epithelization, migration,
and growth of the epidermis observed in Tg(bK6-E6/E7) mice,
which we propose are the processes limiting the regeneration
capacity of mouse ears. In agreement with this view, skin
repair is impaired when the pool of epidermal stem cells is
depleted by ectopic myc expression in the basal layer of the
epidermis (Waikel et al., 2001). It is interesting that an early
and limiting step in urodele limb regeneration is also the
migration of epidermal stem cells to cover the wound surface
(Nye et al., 2003).
We still do not know how E6/E7 oncogenes could increase
the number of epidermal stem cells, because bK6 is not a
marker of these cells (Fuchs, 2007). However, it is relevant to
note that our previous data suggest that continuous hair
follicle regeneration in Tg(bK6-E6/E7) mice is due to the lack
of response of the stem cells in the bulge to signals that
normally keep them quiescent (Escalante-Alcalde et al., 2000).
Hair follicle regeneration initiates after the activation of stem
cells in the bulge (Wilson et al., 1994). It is interesting that, as
hair follicles, it appears that epidermis of Tg(bK6-E6/E7)
renews more frequently. Recently, a distinct pool of precursor
cells that contribute largely to epidermis repair was identified
in the upper region of hair follicles (Jensen et al., 2008). It
will be interesting to determine whether these epidermal
precursors are the ones affected by E6/E7 oncogenes.
www.jidonline.org 2901
C Valencia et al.
HPV Oncogenes Promote Ear Regeneration
MATERIALS AND METHODS
Manipulation of mice
The transgenic mice used in this study are the lines Tg(bK6-E6/E7)M8
and Tg(bK6-E6/E7)H1, which were originally generated in the CD1
outbred strain. To transfer the transgenes to the genetic background
of the inbred Fvb/N strain, the original lines were backcrossed with
the Fvb/N strain for more than 10 generations. For the experiments
presented, 7-week-old female and male mice were used. Excisional
2 mm punches were made with a metal ear puncher on the center of
ears, between the two large visible veins. The diameter of the hole
openings was measured at 7, 14, 21, and 28 days after punching
under a dissecting microscope using a microruler. Injured 7-week-
old female mice were injected intraperitoneally with 50mg of BrdU
(Sigma-Aldrich, St Louis, MO; in phosphate-buffered saline (PBS))
per gram of body weight, and ear biopsies were obtained 5, 48, and
96 hours after injection. Our internal bioethics committee approved
the procedures for the handling of animals.
Histological analysis
Tissues were harvested at given time points and fixed in 4%
paraformaldehyde in PBS. Paraffin-embedded tissues were sectioned
in 7-mm-thick slices and slides with sections were subsequently
deparaffinized by heating at 60 1C for 15 minutes followed by two
incubations for 5 minutes in xylene and in graded ethanol (100, 90,
70, and 50%). The sections were rehydrated in water and stained
with hematoxylin and eosin or subsequently used for immuno-
histochemistry procedures. Sections at the middle portion of the
wound were identified as those showing the largest separation
between wound borders (see Figure 1 for more details). For cartilage
visualization, samples were stained with Weigert’s hematoxylin
(staining the nucleus) for 7 minutes and then washed thoroughly with
tap water; stained with fast green (staining the collagen fibers and
mucus) for 3 minutes and then washed with 1% acetic acid for
10–15 seconds; and finally stained with 0.1% safranin (staining the
mucin and cartilage) for 10 minutes. Samples were dehydrated by
incubating twice for 2 minutes each in 96% ethanol, 100% ethanol,
and xylene. Samples were mounted in Entellan mounting medium
(Merck, Whitehouse Station, NJ).
Immunohistochemistry
Tissue sections were deparaffinized and rehydrated as described
above. For Ki67, p53, and p16Ink4a protein detection, we used the
mouse/rabbit PolyDetector HRP/DAB detection system (BioSB, Santa
Barbara, CA) according to the manufacturer’s recommendation with
the following modifications. Tissue sections were rinsed in PBS, and
epitope retrieval was performed in a pressure cooker for 15 minutes.
Ki-67 and p16Ink4a (BioSB) primary antibodies were incubated at
4 1C for 16 hours, whereas p53 primary antibody (Invitrogen,
Carlsbad, CA) was incubated at 37 1C for 2 hours in a humid
chamber. After four washes in PBS, slides were incubated with a
horseradish peroxidase-labeled secondary antibody for 30 minutes,
and signal was detected using the chromogen/substrates 3,30-
diaminobenzidine (for p53 and Ki67 antibodies) and 3-amino-
9-ethyl carbazole (Invitrogen; for p16 antibody). Finally, we counter-
stained with hematoxylin and mounted in glycerol-polyvinyl alcohol-
mount reagent (Invitrogen). For BrdU detection, the de-paraffinized
tissue slides were incubated in PBS for 30 minutes at 65 1C. Tissues
were then incubated with the anti-BrdU antibody (Roche, Basel,
Switzerland) for 30 minutes at 37 1C. After three washes in PBS
(5 minutes each), anti-mouse Ig-alkaline phosphatase (Roche) was
added and incubated for 30–60 minutes at room temperature. After
three washes with PBS, the preparations were covered with Glicergel
mounting medium (Dako, Glostrup, Denmark).
Statistical analysis
Statistical comparisons were carried using the Student t-test and
considering unpaired samples with two-tailed distribution. PX0.05
was considered not significant.
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Figure S1. E6/E7 oncogene and bK6 expression in regenerating tissues of
Tg(bK6-E6/E7) and wild-type mice.
Figure S2. Ki67 proliferation marker expression during ear-hole regeneration
in Tg(bK6-E6/E7) and wild-type mice.
Figure S3. Re-epithelization in the wounded ears and dorsal skin of Tg(bK6-
E6/E7)M8 and wild-type mice.
Figure S4. Detection of label-retaining cells in the suprabasal layers of the
epidermis.
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